Introduction
============

Proteases are essential for the development and function of all living organisms. They are responsible for processing, repair, and turnover of proteins and protein complexes in all compartments of the organism. Protease activity is tightly controlled either via protease expression, protease activation, or substrate accessibility. This research addresses the function of the plastid SPPA1 protease in *Arabidopsis thaliana* L. (Heynh.).

Plastids contain at least 11 types of proteases ([@bib61]), which have been identified by biochemical and genetic analyses, proteomic analysis or by prediction from EST databases and expression profiling (reviewed in [@bib1]; [@bib2]; [@bib61]). All of the plastid proteases discovered to date have homologues in a bacterium, which reflects the bacterial origin of the organelle ([@bib2]). They vary in location (envelope, stroma, lumen, or thylakoid-localized) and some of their functions are known (reviewed in [@bib1]; [@bib2]; [@bib61]). Several of the best characterized plastid proteases are Clp, FtsH, Deg, and CND41. The SPPA1 protease is always relegated to the heading of 'other proteases' in reviews on the subject, along with other proteases about which little is known ([@bib54]).

SPPA is an ATP-independent protease IV/serine-type endopeptidase. It was first described in eubacteria where it has a signal peptide peptidase activity, but is also found in viruses, archaea, and in the chloroplasts of photoautotrophic eukaryotes (reviewed in [@bib63]). The SPPA protease family contains two conserved potentially catalytic domains. In the cyanobacterium *Synechocystis* sp. PCC 6803, and many of the other heterotrophic and photoautotrophic bacteria, SppA has several isoforms that vary in the number of these domains they contain ([@bib63]). In higher plants the two catalytic domains are retained in a single gene, *SPPA1* (hereafter referred to as *SPPA*), although the structure suggests that only one of the catalytic domains is active ([@bib43]; [@bib63]). Higher-plant SPPA was first identified in *A. thaliana* ([@bib43]), but it is present in many other species. NCBI Unigene currently lists *SPPA* genes from 16 plant species and the putative catalytic sites are conserved (CM Wetzel, data not shown; [@bib43]). This indicates that SPPA is ubiquitous in higher plants and is conserved, presumably because it has a purpose. Its function in chloroplasts is still unknown. Note that SPPA1 is structurally and functionally distinct from SPase1 (At2g30440, At1g06870, At3g24590), a known plastid thylakoid signal peptide peptidase ([@bib38]).

The SPPA protease was identified as a single copy gene in *A. thaliana* (At1g73990). Its resultant protein is estimated at 680 amino acid residues to yield a 74.8 kDa product. After plastid import and post-translational processing the protein is approximately 66--68 kDa in size. The chloroplast protease is anchored in the thylakoid membrane, enriched in stroma lamellae, but lacks transmembrane domains seen in its bacterial counterparts ([@bib43]; [@bib24]). The *SPPA* mRNA is light-inducible in *A. thaliana*, yet the protein is constitutively present suggesting post-translational control of protein accumulation ([@bib43]). SPPA protein is easily detectable through immunoblotting during pre-induction, and experiences a 4-fold increase in abundance after a 52 h high light induction period ([@bib43]). [@bib25] observed a dramatic increase in SPPA abundance in the proteome of high-light-stressed plants, and loss of ClpR2 resulted in reduced Clp complex accumulation and a 10-fold increase in SPPA ([@bib60]). Its light dependence and response to the loss of Clp suggest a role in protein turnover in chloroplasts during light stress and thylakoid protein homeostasis.

When the amount of light energy absorbed by chlorophyll exceeds the capacity of the photochemical process, photoinhibition and/or irreversible photo-oxidative damage (photodamage) can occur in chloroplasts (reviewed in [@bib53]; [@bib57]; and [@bib45]; [@bib13]; [@bib10]; [@bib50]). In the latter situation, singlet chlorophyll molecules remain in an excited state long enough to cause their transition to reactive triplet chlorophyll molecules. Damage to the chloroplast occurs when triplet chlorophyll reacts with oxygen, creating singlet oxygen radicals, which react with membrane lipids and proteins. Photoinhibition is a slowly reversible decrease in photosynthetic capacity primarily caused by repairable damage to the D1 polypeptide of Photosystem II (e.g. mediated by DegP2 and FtsH proteases; [@bib44]; [@bib30]) and engagement of photoprotective energy quenching, while photodamage and bleaching is a more extreme, non-reversible condition of chloroplast destruction. Several systems have evolved to prevent and/or protect the chloroplast from photo-oxidative damage (reviewed in [@bib9]). These include oxygen radical and peroxide-scavenging systems (ascorbate, glutathione, superoxide dismutase, etc), as well as scavengers of excess light energy (carotenoids). Any process that inhibits the use of absorbed light energy relative to its rate coming in will cause 'excitation pressure' on the photosystem, that is, more light energy is absorbed than can be processed by photochemistry so the reaction centres become reduced or 'closed' ([@bib47]; [@bib28]; [@bib36]). Temperature extremes, sub-optimal salt levels, heavy metals, and desiccation all contribute to inhibition of processes downstream of light absorption and can lead to photoinhibition and/or photodamage.

To determine if SPPA in chloroplasts plays a role in high light acclimation, two *SPPA* T-DNA insertional knockout lines were identified in *A. thaliana* and the *sppA* mutant phenotypes were characterized under normal growth and high light stress conditions compared to wild-type plants. It was determined that under non-stress conditions, lack of SPPA had no appreciable effect on plant growth and development, but the mutants maintained a different level of non-photochemical quenching of Photosystem II (NPQ) than wild-type plants. Importantly, the lack of SPPA had little effect on plant response to short-term high-light treatment, but did alter the plant\'s response to longer-term high-light acclimation conditions compared to wild-type plants (measured by photoinhibition, early light-inducible protein, *NPQ*, chlorophylls, and anthocyanins).

Materials and methods
=====================

Plant material
--------------

The *A. thaliana SPPA* gene sequence (At1g73990) was used to query the Salk SIGnAL T-DNA express gene mapping tool ([www.signal.salk.edu](www.signal.salk.edu)) and seeds for the potential knockout lines were ordered. Putative insertion lines included 07272 from the Salk Institute ([@bib6]; ordered from the ABRC); and 142B03, 313C07, and 320F09 T-DNA mutants that were generated in the context of the GABI-Kat program and provided by Bernd Weisshaar (MPI for Plant Breeding Research; Cologne, Germany; [@bib59]). The lines are referred to hereafter as *sppA*-7272, *sppA*-142, *sppA*-313, and *sppA*-320, respectively. All transgenic lines were in the Columbia ecotype background and Columbia-0 was used as the wild type in all experiments. Unless otherwise noted, plants were grown on basic potting soil medium with slow-release fertilizer, under 140 μmol m^−2^ s^−1^ illumination by a mix of fluorescent and incandescent bulbs at 21 °C.

Each line was grown and individual segregant plants were screened for homozygosity of the T-DNA insert by PCR. Primers and annealing temperatures (\*) used for PCR screening of T-DNA insert lines were as follows. Touchdown PCR cycles: 94 °C for 3 min, 3 reps of (94 °C for 1 min, 65 °C for 0.5 min, 72 °C for 1 min), 35 reps of (94 °C for 1 min, annealing temperature \*°C for 0.5 min, 72 °C for 1 min), 72 °C for 10 min. Primer sets and annealing temperatures were: *sppA*-7272, Left primer 5′-CAAGACGCTTCCCTTACGAAC-3′, Right primer 5′-CGGAAGAAGAGTCAAATTGGG-3′, T-DNA LB primer 5′-TGGTTCACGTAGTGGGCCATCG-3′, Annealing temperature 55 °C; *sppA*-142, Left primer 5′-TTGTCTTTCTCGACTCCAAGC-3′, Right primer 5′-TATCTTGGATGTGCATGCAAC-3′, T-DNA LB primer 5′-CCCATTTGGACGTGAATGTAGACAC-3′, Annealing temperature 50 °C; *sppA*-313, Left primer 5′-AAGAAGTTGCACAGGGCAGAG-3′, Right primer 5′-TCTTGACGGATCAATGTACGC-3′, T-DNA LB primer 5′-CCCATTTGGACGTGAATGTAGACAC-3′, Annealing temperature 50 °C; *sppA*-320, Left primer 5′-CAAGACGCTTCCCTTACGAAC-3′, Right primer 5′-CGGAAGAAGAGTCAAATTGGG-3′, T-DNA LB primer 5′-CCCATTTGGACGTGAATGTAGACAC-3′, Annealing temperature 50 °C. DNA extraction and PCR were carried out with the REDExtract-N-Amp Plant PCR Kit (Sigma). All four lines were successfully amplified and homozygous plants were identified for each. PCR products were sequenced to verify the insert location. A single plant from each line was chosen for seed collection and further experiments. Subsequent analyses of *SPPA* mRNA and protein (described below) revealed that *sppA*-7272 and *sppA*-313 were significantly leaky, so data pertaining to these two lines are not included in this paper (data not shown).

Analysis of *SPPA* mRNA expression
----------------------------------

Because *SPPA* mRNA is induced by high light (HL) treatment ([@bib43]), wild type and putative knockout plants were shifted to high light (600 μmol photons m^−2^ s^−1^) for 10 h and 24 h to induce gene expression.

Characterization of *SPPA* mRNA expression was carried out by non-quantitative RT-PCR. Total RNA was extracted using the Sigma Spectrum Plant Total RNA kit with on-column DNase treatment, then quality was assessed by gel electrophoresis. RNA concentration was determined using a Nanodrop spectrometer and 0.5 μg of total RNA was reverse-transcribed using Invitrogen Superscript III RNase H- reverse Transcriptase with oligo dT primers. cDNA was amplified by PCR (TaKaRa Ex-Taq Polymerase) using three different sets of primers ([Fig. 1](#fig1){ref-type="fig"}; see [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erp051/DC1) at *JXB* online). Conditions were optimized so that the wild-type cDNA amplification was maximized (i.e. beyond the linear range) to ensure that even low template levels in the putative mutants would amplify enough to be detected (not shown). All primer sets flanked introns so that any contaminating DNA would be detected by its product size (none detected except in genomic DNA positive controls, not shown).

![Location of T-DNA inserts in At1g73990 in homozygous plant lines. (A) Site of T-DNA insertion in lines *sppA*-320 (320F09) and *sppA*-142 (142B03). (B) Location of RT-PCR primers sets (not to scale). (C) Ethidium bromide-stained agarose gels of RT-PCR products corresponding to the primer sets shown in (B). RT-PCR products from two independent RNA extractions are shown for each genotype. Product size is indicated.](jexboterp051f01_ht){#fig1}

RLM 5′-RACE (Ambion FirstChoice RLM-RACE kit) was carried out according to manufacturer\'s instructions. This method clones only full-length and capped transcription products. RNA from two different plants each of WT and *sppA*-320 were used, and two WT plus five *sppA*-320 RACE clones were sequenced. The *SppA* gene-specific forward primer was 5′-TCCGCAGCGGCTTTATACAGAAGA-3′, the outer reverse primer was 5′-TGGTCAAGACGCTTCCCTTACGAA-3′, and inner reverse primer was 5′-TCCAGCAGCTGTTCCTGTTTCTCT-3′.

Production of anti-SPPA antiserum
---------------------------------

An anti-peptide antiserum was produced in rabbits using the peptide (C)LGVEKDKKLPTVDYKKYS (Pocono Rabbit Farm and Laboratory, Inc., Pennsylvania). Preimmune and post-immune sera were analysed by Western blots of thylakoids isolated from wild-type and putative mutant plants to verify specificity of the antiserum ([Fig. 2A](#fig2){ref-type="fig"}).

![Western blot hybridization with anti-SPPA antiserum. (A) Thylakoids isolated from WT leaves were electrophoretically separated and blotted. One blot was probed with the preimmune serum and the other with anti-peptide antiserum to demonstrate specificity of the anti-SPPA antiserum. (B) Western blot analyses of thylakoid proteins isolated from WT, *sppA*-320, and *sppA*-142 leaves probed with anti-SPPA antiserum showing that SPPA protein is not detectable in the T-DNA insertion lines. Samples were loaded on an equal chlorophyll basis. (C) Portion of Ponceau S-stained blot showing the relative amount of protein loading and transfer from lanes in (B) (M=band of apparent molecular mass of ∼50 kDa from BenchMark Protein Ladder).](jexboterp051f02_ht){#fig2}

Protein preparation and Western blot analysis
---------------------------------------------

Thylakoids were isolated from high-light treated leaves (48 h, 850 μmol m^−2^ s^−1^) according to [@bib17], with the following modifications: BSA was omitted because it runs at approximately the same position as SPPA protein on SDS-gels and interfered with Western blot analysis, and the Sigma Plant Protease Inhibitor Cocktail was included in all buffers. Chlorophyll was measured in 80% acetone ([@bib8]) and 2 μg of chlorophyll was run per lane on SDS-PAGE.

Crude membrane proteins were isolated by sequential extraction from leaves ground in liquid nitrogen. The first extraction, of soluble proteins, was made in 'S' buffer containing 100 mM TRIS-HCl pH 7.5, 100 mM NaCl, 5 mM EDTA pH 8.0, 5 mM DTT, 10 mM β-mercaptoethanol, and 1 μl per ml Plant Proteinase Cocktail (Sigma). The homogenate was pelleted at 16 000 *g* for 10 min, and the supernatant containing soluble proteins was collected. For the second extraction, the pellet was resuspended in 'M' buffer containing the same components as the 'S' buffer plus 1% SDS. The homogenate was pelleted at 16 000 *g* for 10 min, and the supernatant containing the membrane proteins was collected. For assays based on an equal fresh weight basis, leaves were weighed prior to grinding and 5 μl of buffer was added per 1 mg of tissue, and 20 μl of extract plus 20 μl of 2× Laemmli buffer was used for gel electrophoresis.

SDS-PAGE (14% resolving gels; [@bib42]) was used to separate proteins prior to electrotransfer to nitrocellulose for Western blotting. Apparent molecular weights were estimated using the BenchMark Prestained Protein Ladder (Invitrogen). Loading levels and protein transfer were verified by Ponceau S staining of blots prior to immunodetection. Proteins were immunodetected using the Pierce SuperSignal West Femto chemiluminescence system, with goat-anti rabbit-HRP secondary antibodies. SPPA antiserum is described above. Anti-ELIP (early light inducible protein) antisera were purchased from AgriSera (Sweden).

Plant microscopy
----------------

Chloroplast morphology of *A. thaliana* wild-type and mutant plants was examined by transmission electron microscopy. Tissues were fixed at room temperature under vacuum with 2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.4) for 90 min at decreasing pressures. After releasing the vacuum the samples were kept overnight at 4 °C. Samples were rinsed three times with the same buffer (15 min each) and post-fixed with 1% OsO~4~ in buffer for 2 h at room temperature as described by [@bib19]. Fixed tissue was then dehydrated progressively in an ethanol series and embedded in a low viscosity epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate and examined in a JEOL 100CX transmission electron microscope (JEOL USA, Peabody, MA).

High light acclimation of mature plants
---------------------------------------

Plants were grown under long day conditions (20 h light 120 μmol m ^−2^ s^−1^, 22 °C; 4 h dark, 19 °C; mix of fluorescent and incandescent lights). When 3 weeks old (mature but pre-bolting), plants were moved to a different growth chamber with identical settings except that the light intensity was at 850 μmol m^−2^ s^−1^. For 7 d, dark-adapted (22 °C, 60 min) *F*~v~/*F*~m~ values (see below) were measured and photographs were taken daily. At the end of the acclimation period whole rosettes were harvested, split into two samples, weighed, and used either for chlorophyll or anthocyanin measurements. Alternatively, intact plants were used for chlorophyll fluorescence measurements (see below).

Pigment measurements
--------------------

Chlorophyll *a* and *b* levels were measured after the extraction of plant material in dimethylformamide (DMF) in the dark, with spectrophotometric calculations using the equations of [@bib56]. Anthocyanins were measured at *A*~530~ according to Guisti and Wrolstad (2000) using two dilutions of each sample. Multiple measurements of each treatment were averaged for reported values and each experiment was repeated three times.

*NPQ*, *F*~v~/*F*~m~, and Φ~PSII~ measurements of mature plants
---------------------------------------------------------------

The methods of [@bib27] were followed except that an FMS1 instrument was used (Hansatech, UK). Four independently grown sets of plants were measured, with 2--4 plants per genotype per set sampled after overnight dark-adaptation. *NPQ* was calculated as $\left( \left. F_{\text{m}} - F_{\text{m}}^{\prime} \right)/F_{\text{m}}^{\prime} \right.$. Dark-adapted (22 °C), maximal quantum yield of Photosystem II (*F*~v~/*F*~m~) was calculated as (*F*~m~--*F*~o~)/*F*~m~. The realized quantum yield of Photosystem II versus irradiance (Φ~PSII;~ also known as ${\Delta F}/F_{\text{m}}^{\prime}$) was calculated as $\left( F_{\text{m}}^{\prime} - F_{\text{t}} \right)/F_{\text{m}}^{\prime}$. General chlorophyll fluorescence nomenclature and calculations were based on [@bib48].

Acute high light plus cold treatments of detached leaves
--------------------------------------------------------

Plants grown under short days (8 h light/22 °C, 16 h dark/19 °C) conditions were used, and the time of initiation of the experiment was 2 h into the light cycle. Mature leaves (6--8 per sample) were detached from the plants and floated on 4--7 °C water in full sunlight (HL; 1600--1900 μmol photons m^−2^ s^−1^) for 4 h and then returned to room-temperature (21--22 °C) at approximately 10 μmol photons m^−2^ s^−1^ (LL) for the indicated amount of time. Dark-adapted (22 °C, 30 min) *F*~v~/*F*~m~ measurements were taken pretreatment, after the HL+cold treatment (after dark-adaptation time), after 24 h LL recovery, and after 72 h LL recovery. In some initial experiments *F*~v~/*F*~m~ was also measured after 2 h and 4 h recovery but the values were no different from the zero recovery samples and were not included in subsequent analyses (not shown). Control experiments were essentially the same as above except the treatments were either LL+cold or LL at 22 °C prior to the LL recovery period. Membrane proteins were isolated from the treated leaves and Western blot analyses of SPPA and ELIP were carried out as described above.

Statistical analysis
--------------------

Time-course data from pulse-modulated chlorophyll fluorescence measurements were analysed using a linear mixed effects (LME) model to account for the associations between repeated observations taken under different growth conditions ([@bib23]; [@bib22]). Light treatment and genotype were incorporated as fixed effects, and a random intercept for each specimen was estimated to account for the clustering. The 'xtmixed\'procedure within Stata version 10.0 was used to fit these models. To aid interpretation of interactions a series of pairwise *t* tests was conducted using Microsoft Excel. Pigment analyses were analysed by 2-way ANOVA and pairwise *t* tests using Microsoft Excel.

Results
=======

Identification of null sppA T-DNA knockout plants
-------------------------------------------------

The locations of the T-DNA inserts are shown in [Fig. 1A](#fig1){ref-type="fig"}. Line *sppA*-320 has the T-DNA left border junction in the 5′-UTR of *SPPA*. Line *sppA*-142 has the T-DNA left border junction in exon 4 of the *SPPA* gene. There is a 30 bp DNA insertion between the *sppA*-142 T-DNA and the plant sequence that is unidentifiable; BLAST searches did not pick up any nucleotide sequences similar to the insertion. Analysis of the segregation of resistance to sulphadiazine, the selectable maker used in the GABI-Kat T-DNA insertion lines, indicated that there was just one T-DNA insertion each in the genomes of *sppA*-320 and *sppA*-142 (confirmation report, GABI-Kat).

Because *SPPA* mRNA is induced by high light (HL) treatment ([@bib43]), putative knockout plants were shifted to HL for 24 h to induce *SPPA* gene expression. Characterization of *SPPA* mRNA expression was carried out by RT-PCR for WT and lines *sppA*-142 and *sppA*-320. Eight separate plants were used for RNA extractions and RT-PCR assay (four from ambient growth light level and four from after HL treatment). The location of primer sets is indicated in [Fig. 1B](#fig1){ref-type="fig"}. As shown in [Fig. 1C](#fig1){ref-type="fig"}, WT plants had detectable RT-PCR products with all primer sets and plants. Primer set A, downstream of the *sppA*-320 T-DNA insert site, but upstream of the insert site for *sppA*-142, produced products for *sppA*-320 and *sppA*-142 indicating expression at least through to this location on the gene. Nested primer sets B and C, which flanked the *sppA*-142 T-DNA insert site, produced products for most *sppA*-320 samples but not for any *sppA*-142 samples (in [Fig. 1C](#fig1){ref-type="fig"}, lane 5, the white is a smear with no distinct bands while lane 6 has a faint band). The primer set C RT-PCR products in *sppA*-320 and WT were sequenced and found to be identical to the WT sequence (not shown), suggesting that small amounts of the mRNA from this region are synthesized in some mutant plants.

RLM-5′-RACE of cDNA from WT (two sequenced clones) and *sppA*-320 (five sequenced clones) revealed that a 277 bp section of the T-DNA insert was expressed at the 5′ end of the *sppA*-320 mRNA (not shown). Several out-of-frame ATG codons are present in the additional sequence. Despite the small amount of abnormal *SPPA* mRNA apparently produced in some *sppA*-320 plants, protein for the gene product was never detected in any Western blots run for various experiments with the genotype ([Figs 2B](#fig2){ref-type="fig"}, [8](#fig8){ref-type="fig"}; data not shown). This suggests that translation of normal SPPA product is disrupted in the chimeric *sppA*-320 mutant mRNA. The RLM-5′RACE also revealed that WT *SPPA* mRNA is approximately 36 bp longer than has been reported to date in public databases (e.g. Genbank NM_106058).

SPPA protein is constitutively present in mature plants ([@bib43]). A peptide antigen corresponding to a unique domain in SPPA was used to generate polyclonal antibodies. The antiserum detected a band at approximately 66 kDa in thylakoid extracts from wild-type leaves that is absent in the Western blot probed with preimmune serum ([Fig. 2A](#fig2){ref-type="fig"}). A Western blot of thylakoids from wild-type and putative null mutants is shown in [Fig. 2B](#fig2){ref-type="fig"}. Lines *sppA*-320 and *sppA*-142 lack detectable protein while the WT thylakoids have predicted-size protein.

The combined results of the characterization of the putative mutant lines support the conclusion that *sppA*-320 and *sppA*-142 are null for the expression of normal full-length SPPA protein. Because *SPPA* is a single-copy gene in *A. thaliana*, these plant lines were used to assess the physiological effects of loss of SPPA in the mutants compared to the wild type.

Analysis of sppA T-DNA mutants under non-stress conditions
----------------------------------------------------------

Mutant and wild-type plants were grown under moderate conditions (continuous light at 140 μmol photons m^−2^ s^−1^, 22 °C) and under these conditions there was no apparent difference in phenotype between the mutants and wild type ([Fig. 3A](#fig3){ref-type="fig"}). Plants grown under short day (8/16h light/dark, 22/19 °C) conditions also did not display any genotype-specific differences. They took the same time to flower and had wild-type levels of leaf production and rosette size ([Table 1](#tbl1){ref-type="table"}). To examine whether chloroplast differentiation is affected by the loss of SPPA, greened cotyledons of all genotypes were examined by transmission electron microscopy. As shown in [Fig. 3B](#fig3){ref-type="fig"}, chloroplasts from both *sppA*-142 and *sppA*-320 mutant plants appear to form structurally normal chloroplasts as compared to wild-type chloroplasts, containing thylakoid membranes with typical stacked grana. Also present are starch granules and plastoglobuli. This demonstrates that SPPA is not required for plant growth and development under average, non-stressful conditions.

###### 

Average rosette sizes and time to bolting for all three genotypes

                                                                  WT              *sppA*-320      *sppA*-142
  --------------------------------------------------------------- --------------- --------------- ---------------
  Days to bolting[a](#tblfn1){ref-type="table-fn"}                31.69±0.34      32.43±0.33      31.69±0.34
  Number of rosette leaves ±SE[a](#tblfn1){ref-type="table-fn"}   8.03±0.23       7.90±0.21       8.23±0.23
  Rosette diameter (cm) ±SE[a](#tblfn1){ref-type="table-fn"}      8.03±0.32       7.87±0.22       7.33±0.27
  Leaf density (g cm^−2^) ±SE[b](#tblfn2){ref-type="table-fn"}    0.0138±0.0007   0.0129±0.0007   0.0118±0.0007

There were no statistically significant differences between the genotypes (*P* \>0.05). SE=standard error of the mean.

*N*=32 per genotype.

*N*=7--8 per genotype.

![Comparison of wild type and SPPA null mutant plants. (A) Mature, prebolting plants of each genotype used in this study. All plants were the same age and from the same generation seed batches. (B) Transmission electron micrographs showing plastid ultra structure from WT, *sppA*-320, and *sppA*-142 mutant green cotyledons. Starch granules (S), grana (arrow), plastoglobuli (arrow head). Scale bar=500 nm.](jexboterp051f03_3c){#fig3}

Analysis of sppA mutant responses to high light acclimation
-----------------------------------------------------------

Wild-type and SPPA mutant plants were grown under moderately low light (LL; 120 μmol m^−2^ s^−1^) then shifted to higher light (HL; 850 μmol m^−2^ s^−1^) for 7 d. Standard measures of HL acclimation in plants are a loss in total chlorophyll and a shift to a higher chlorophyll *a*/*b* ratio, which indicates a loss of Chl *b* from reduced antennae size ([@bib67]; [@bib40]). After 7 d in HL all three genotypes are visually indistinguishable ([Fig. 4A](#fig4){ref-type="fig"}). Under HL they had statistically similar losses in total chlorophyll \[[Fig. 4B](#fig4){ref-type="fig"}; 2-way ANOVA showed no genotype×light interaction, *F*(2,30)=0.49, *P*=0.61; genotype was not a significant source of variation, *F*(2,30)=0.96, *P*=0.40; but light level was a significant source of variation *F*(1,30)=8.75, *P*=0.006\]. They also had similar increases in chlorophyll *a*/*b* ratios under HL \[[Fig. 4C](#fig4){ref-type="fig"}; 2-way ANOVA showed no genotype×light interaction, *F*(2,30)=0.58, *P*=0.57; genotype was a significant source of variation, *F*(2,30)=4.23, *P*=0.03; but light level accounted for the greatest source of variation *F*(1,30)=96.67, *P*\<0.0001\]. Further analysis by pairwise *t* tests revealed that the between-genotype variation was due to *sppA*-142 having a higher Chl *a*/*b* ratio under LL than the others (df10, *P*=0.01--0.02) but all HL-treated genotypes had the same Chl *a*/*b* ratios (df10, *P*=0.42--0.75). The data indicate that loss of SPPA did not affect the plant\'s ability to adjust antennae size in response to HL acclimation.

![The effect of HL acclimation on leaf pigments. (A) Photograph of plants after 7 d of either low light (LL) or high light (HL) treatment. Several leaves on each HL-treated plant are turned abaxial side up to show anthocyanin accumulation. (B) Total chlorophyll levels in LL- and HL-treated plants. (C) The chlorophyll *a*/*b* ratios in HL-treated plants compared to LL. (D) Anthocyanin accumulation in plants after HL treatment compared to LL. *N*=6--14 per genotype, and the error bars are standard errors of the means.](jexboterp051f04_3c){#fig4}

Anthocyanins were barely detectable in plants grown under LL, and there were no differences between genotypes ([Fig. 4D](#fig4){ref-type="fig"}; pairwise *t* tests, df32, all *P* \> 0.05). In the HL shifted plants, massive amounts of anthocyanins accumulated in all genotypes \[[Fig. 4A, D](#fig4){ref-type="fig"}; 2-way ANOVA indicated a genotype×light interaction *F*(2,30)=6.57, *P*=0.004; light level accounted for the greatest amount of variation *F*(1,30)=555.69, *P* \< 0.0001; and between genotype variation accounted for a significant amount of variation *F*(2,30)=6.38, *P=*0.004\]. Pairwise *t* tests revealed that WT plants accumulated 25% more anthocyanins than the mutant genotypes ([Fig. 4D](#fig4){ref-type="fig"}; df32, *P*=0.006--0.02).

To determine if the loss of SPPA affected protection from photoinhibition, dark-adapted maximal quantum yield of Photosystem II photochemistry (*F*~v~/*F*~m~) was measured daily during the acclimation process. [Figure 5A](#fig5){ref-type="fig"} displays the observed means of photoinhibition susceptibility by genotype and time, and indicates that there was no significant difference between genotypes \[LME model genotype×time interaction, Chi^2^(df10)=7.68, *P*=0.66\]. All genotypes displayed a drop in *F*~v~/*F*~m~ values after 1 d of treatment, then recovered during the course of HL acclimation \[LME model for time, Chi^2^(df5) = 56.59, *P* \< 0.0001\], while there was not a statistically significant difference in photoinhibition susceptibility between genotypes, \[Chi^2^(df2) = 3.10, *P*=0.21\]. The drop in *F*~v~/*F*~m~ during the first day is modest compared to reports for plants or leaf discs subject to more extreme shifts (e.g. higher light, or HL plus low temperatures; [@bib32]; [@bib33]; [@bib20]), but is similar to that observed by [@bib25]. The drop in total chlorophyll and rise in Chl *a*/*b* ratio ([Fig. 4B, C](#fig4){ref-type="fig"}) plus accumulation of anthocyanins ([Fig. 4A, D](#fig4){ref-type="fig"}) in HL-treated plants demonstrates that the light shift conditions in this study were sufficient to cause *bona fide* acclimation.

![Pulse-modulated chlorophyll fluorescence measurements of quantum yield of Photosystem II. (A) Dark-adapted maximal quantum yield of Photosystem II (*F*~v~/*F*~m~) versus time of acclimation for HL plants. Included are the *F*~v~/*F*~m~ values for day 0 and day 7 for LL plants. (B) The quantum yield of Photosystem II \[Φ~PSII~; $\left( F_{\text{m}}^{\prime} - F_{\text{t}} \right)/F_{\text{m}}^{\prime}$\] versus irradiance of LL acclimated plants. (C) The quantum yield of Photosystem II \[Φ~PSII~; $\left( \left. F_{\text{m}}^{\prime} - F_{\text{t}} \right)/F_{\text{m}}^{\prime} \right.$\] versus irradiance of HL acclimated plants. Pairwise *t* test results are indicated by: \* (WT \>*sppA*-142 but not *sppA*-320), or \*\* (WT \> *sppA*-142 and *sppA*-320); see Results for details. In (B) and (C) the arrow indicates the acclimation light level. *N*=7--14 per genotype, and the error bars are standard errors of the means.](jexboterp051f05_lw){#fig5}

Realized Photosystem II photochemical efficiency \[light-adapted quantum yield of Photosystem II; Φ~PSII~; $\left( {\left. F_{\text{m}}^{\prime} - F_{\text{t}} \right)/F_{\text{m}}^{\prime}} \right.$\] was not affected by loss of SPPA in LL-treated plants \[[Fig. 5B](#fig5){ref-type="fig"}; LME model genotype×irradiance interaction, Chi^2^(df12) = 4.86, *P*=0.96; LME model for genotype, Chi^2^(df2) = 0.20, *P*=0.90\]. In contrast, in HL acclimated plants, loss of SPPA resulted in a slight but statistically significantly lower Φ~PSII~ than WT in response to increasing irradiance \[[Fig. 5C](#fig5){ref-type="fig"}; LME model genotype×irradiance interaction, Chi^2^(df12) = 87.65, *P* \<0.0001\] pairwise *t* tests were used to interpret the genotype×irradiance interaction: there was no significant difference among genotypes in dark-adapted plants (df12--13, *P*=0.44--0.97), WT is significantly greater than *sppA*-142 at irradiance of 53 μmol photons m^−2^ s^−1^ (df13, *P*=0.03; \* in [Fig. 5C](#fig5){ref-type="fig"}), and WT was significantly greater than both mutant genotypes at all measured higher irradiances (df13, *P* \<0.001--0.04; \*\* in [Fig. 5C](#fig5){ref-type="fig"}). At all measured irradiances there was no significant difference between *sppA*-142 and *sppA*-320 (df12, *P*=0.08--0.63). Both WT and mutant genotypes showed the expected upward shift in Φ~PSII~ at higher irradiance levels after acclimation to HL.

For further assessment of HL acclimation, non-photochemical quenching (*NPQ*) levels were measured. [Figure 6A](#fig6){ref-type="fig"} shows that the *NPQ* levels in LL-acclimated mutant lines were statistically higher than in the WT at all assay irradiances from 50 to 1500 μmol m^−2^ s^−1^ \[LME model genotype×irradiance interaction, Chi^2^(df12)=75.07, *P* \<0.0001; pairwise *t* tests, df13, all *P* \< 0.05 to 0.01\]. [Figure 6B](#fig6){ref-type="fig"} shows that the *NPQ* levels in HL-acclimated insertional mutants were also statistically higher than in the WT at all irradiances from 200 to 1500 μmol m^−2^ s^−1^ \[LME model for genotype×irradiance interaction, Chi^2^(df12)=106.65, *P* \<0.0001; pairwise *t* tests, df14, all *P* \< 0.05--0.001\]. Both WT and SPPA mutants respond to HL acclimation via *NPQ* to a similar extent (i.e. compare the shift in curves between [Fig. 6A, B](#fig6){ref-type="fig"}). This indicates that loss of SPPA results in engagement of a higher baseline level of *NPQ* regardless of acclimation light level, and that all genotypes are capable of altering *NPQ* in response to HL acclimation.

![Pulse-modulated chlorophyll fluorescence measurements of non-photochemical quenching (*NPQ*) of WT and mutant plants. *NPQ* in response to irradiance of mature pre-bolting plants acclimated to (A), low light or (B), high light for 7 d. The arrow indicates the acclimation light level. For LL plants (A), *NPQ* was statistically higher in the mutants than the WT at all irradiances from 50--1500 μmol m^−2^ s^−1^. For HL acclimated plants (B), *NPQ* was statistically higher in the mutants than the WT at all irradiances from 200--1500 μmol m^−2^ s^−1^. *N*=7--14 per genotype, and the error bars are standard errors of the means.](jexboterp051f06_lw){#fig6}

Analysis of sppA mutants after acute high light stress
------------------------------------------------------

The effect of lack of SPPA was assessed in leaves that were treated with acute HL plus cold and then allowed to recover in low light (LL). Mature detached leaves were floated in 4--7 °C water in full sunlight (1600--1900 μmol photons m^−2^ s^−1^) for 4 h and then returned to room-temperature (21--22 °C) at approximately 10 μmol photons m^−2^ s^−1^ for the indicated amount of time.

Dark-adapted *F*~v~/*F*~m~ measurements were taken pretreatment, after the HL treatment, and over a time-course during recovery for each leaf as a measure of photoinhibition. [Figure 7A](#fig7){ref-type="fig"} demonstrates that all genotypes had a similar loss of *F*~v~/*F*~m~ and recovery, and that line *sppA*-142 was slightly less affected by the treatment. Maximal quantum efficiency was not affected by control treatments ([Fig. 7B, C](#fig7){ref-type="fig"}).

![Pulse-modulated chlorophyll fluorescence measurements of dark-adapted *F*~v~/*F*~m~ of detached leaves from WT (white bars), *sppA*-320 (grey bars) and *sppA*-142 (black bars) showing quantum yield after treatments. (A) Detached leaves were floated on water in an ice-bath in full sunlight for 4 h (+4HLcold) followed by treatment with LL at 22 °C for 72 h with dark-adapted *F*~v~/*F*~m~ measurements taken at the indicated time points (pretreatments=0). (B) Leaves were detached and floated on ice water under ambient LL levels, otherwise as for (A). (C) Leaves were detached and floated on 22 °C water under ambient LL levels for 4 h, otherwise as for (A). *N*=6 for each treatment and genotype; error bars are standard errors of the means.](jexboterp051f07_ht){#fig7}

In order to understand if the *A. thaliana SPPA* mutants had altered photoprotection, the level of stress-related ELIP1 protein was measured in the treated leaves. There are two copies of the *ELIP* gene in *A. thaliana* (At3g22840 and At4g14690). From the literature ([@bib4], [@bib5]), it is expected that, once leaves are removed from HL, ELIP will start to be degraded by a partially characterized but unidentified protease ([@bib5]). [Figure 8](#fig8){ref-type="fig"} shows that for both mutant lines, ELIP1 levels remained higher relative to wild-type plants during early recovery from HL treatment. After 24 h of LL recovery, ELIP was not detectable in any of the genotypes (data not shown). Pretreatment leaves of all genotypes lacked detectable ELIP1, and analysis of several blots revealed that ELIP2 followed the same basic pattern of abundance as ELIP1 although the overall abundance was much lower (data not shown). The same blots were immunodetected with anti-SPPA antiserum, verifying that SPPA was present in all wild-type samples but absent from the mutants ([Fig. 8](#fig8){ref-type="fig"}). Pretreatment wild-type leaves had detectable SPPA (data not shown; but see [Fig. 2](#fig2){ref-type="fig"}). Repetition of the experiment three times gave similar results, with the exception that, in one repetition after particularly high irradiance, the wild-type sample showed less extensive degradation of ELIP after 5 h and all genotypes retained detectable ELIP after 24 h recovery in LL (data not shown); this result is in agreement with results from [@bib4] which demonstrated that the rate of ELIP degradation in LL correlates with the HL irradiance level.

![Representative Western blot analysis of ELIP and SPPA protein in *sppA*-320, WT, and *sppA*-142 leaves. Detached leaves were floated on water in an ice-bath in full sunlight for 4 h, then were allowed to recover in LL at 21--22 °C for the indicated number of hours (0, 1, 3, 5). Membrane proteins were isolated from leaves at the indicated time points for the Western blots (*N*=3 leaves per time point per genotype). Anti-ELIP1 antiserum was used to probe ELIP levels (top panel) and anti-SPPA antiserum was used to measure SPPA levels on the same blot (middle panel). The gel was loaded on an equal fresh weight basis. A portion of the Ponceau S-stained blot was imaged (M; bottom panel) to show protein loading and transfer (rightmost lane is ∼50 kDa band of the BenchMark Protein Ladder).](jexboterp051f08_ht){#fig8}

Discussion
==========

Loss of wild-type SPPA protease in *A. thaliana* via T-DNA insertional mutagenesis in two separate plant lines had no noticeable effect on plant health under non-stress conditions, but altered their responses to high light acclimation. These results suggest that the thylakoid-associated protease is involved with plastid stress responses.

This study shows that, when plants are well watered, fertilized, and grown under moderate conditions they do not require the activity of chloroplast protease SPPA for normal growth and development. Dark- and light-adapted photosynthetic quantum efficiency was unaffected by loss of SPPA under these conditions ([Fig. 5A, B](#fig5){ref-type="fig"}). This suggests that SPPA has no essential function under these conditions, or that there is another protease with functional redundancy that compensates for loss of SPPA. Despite the fact that SPPA may be part of a 270--500 kDa complex ([@bib43]; [@bib46]), its loss does not have any obvious deleterious effects. In contrast to our results with SPPA, loss of plastid proteases Clp and FtsH result in abnormal phenotypes and affect the general growth and development of leaves ([@bib44]; [@bib62]; [@bib41]; [@bib60]) indicating a much more central role in plastid function. Lack of an effect under moderate growth conditions led us to examine the effect of SPPA loss on plants under photoinhibitory stress during high light acclimation.

Acclimation of a plant to high light levels moderates potential high-light damage. It takes several days and causes changes in pigments (chlorophylls, carotenoids, and anthocyanins), leaf morphology, and thylakoid proteins ([@bib11]; [@bib64]; [@bib12]; Dall\'Osto *et al.*, 2007). In this study, loss of SPPA protease did not have an extreme effect on plant acclimation. However, it did alter the level of anthocyanin accumulation, which was lower in the mutants than in the wild-type plants after acclimation to high light. Stress-induced anthocyanin accumulation in vacuoles is a widespread phenomenon and there is experimental evidence for its role in photoprotection ([@bib31]; [@bib35]; [@bib49]; reviewed in [@bib18]); however, [@bib21] found no correlation between foliar anthocyanin and photoprotection. Expression of genes for the anthocyanin biosynthetic pathway is activated by high light stress and is regulated in part by H~2~O~2~ ([@bib66]). Results from this study suggest either that the wild-type plants experienced greater stress than the SPPA mutants leading to more anthocyanin accumulation, or that the mutants are unable to mount as great a response as the wild type when acclimating to high light.

Non-photochemical quenching of chlorophyll fluorescence results from excitation pressure on Photosystem II (reviewed in [@bib52]). It involves a response to the *trans*-thylakoid pH gradient, the xanthophyll cycle and other carotenoids, the PsbS protein, and other undefined aspects of photoinhibition. Therefore it was of great interest to observe that loss of SPPA resulted in higher-than-wild type levels of *NPQ* in response to increases in irradiance, under both ambient light and after acclimation to high light. Realized (light-adapted) quantum efficiency of Photosystem II was also affected by loss of SPPA in high-light grown plants, with mutants unable to maintain as high a Photosystem II quantum efficiency as the wild type when challenged with high measuring irradiance. It is not clear what component of *NPQ* or Photosystem II quantum efficiency is affected by SPPA, and is the subject of current study.

One might argue that the higher level of anthocyanin in WT plants partially blocked the induction of *NPQ* under high light by altering the light absorption properties of the leaves. This explanation loses support from the fact that the mutants had higher *NPQ* than WT even in pretreatment or low light growth conditions, when anthocyanin levels were low and equal between genotypes. Thus screening of incident light by anthocyanins is not a robust explanation for the difference in *NPQ* at high light levels. It may, however, contribute to the differences in realized Photosystem II quantum efficiency with mutant leaves losing efficiency due to less screening by anthocyanins.

In this study, when detached leaves from wild-type plants were subjected to high light in combination with cold temperatures they had an expected dramatic decrease in quantum yield as excitation pressure built up on Photosystem II ([Fig. 7](#fig7){ref-type="fig"}; [@bib28]; [@bib39]). A mere 4 h of this treatment caused irreversible damage as demonstrated by severe loss of pigmentation and structural integrity of the leaves after their return to recovery conditions (not shown). However, the remaining functional tissue recovered quantum efficiency at the same rate, regardless of the presence or absence of SPPA. This result suggests that SPPA does not have a direct positive role in photoprotection under acute stress, i.e. its presence is not required for it, because if it was required then the mutants would be expected to be more susceptible to photoinhibitory stress than wild-type plants. The fact that all genotypes are equally susceptible to the stress suggests that SPPA function may be related more indirectly to one of the photoprotective mechanisms.

A related result was observed in cyanobacteria *Synechocystis* sp. PCC 6803 Δ*sppA* null mutants ([@bib55]; [@bib63]). Cells that lacked SppA did not undergo normal bleaching and loss of phycobilisomes when shifted from low to higher light, and retained more phycobilisome linker proteins. In fact, although the authors did not measure photosynthesis, they showed that mutant cells had more robust growth than the wild-type cells after the shift to high light conditions. The authors concluded that SppA was responsible for degradation of the linker proteins during normal high light acclimation and antennae size adjustment. Unfortunately, they did not provide evidence for direct interaction between SppA and the proposed substrate, so specificity of the protease activity cannot be concluded.

One class of proteins that has been proposed to play a role in photoprotection is 'early light inducible protein' (ELIP). RNA hybridization, microarray, and cDNA analyses of plants subjected to diverse stimuli show that *ELIP* mRNA increases in abundance in response to more than just high light stress. These include treatment with salt, heat, abscisic acid, cold, desiccation, aluminium, high CO~2~, and senescence (reviewed in [@bib3]; [@bib15]; [@bib29]; [@bib14]). ELIPs are part of a LHC superfamily that includes the light harvesting proteins, PsbS, HLIP, and Seps (reviewed in [@bib51]; [@bib3]).

A critical role for ELIPs in photoprotection was suggested in work done by [@bib37]. They used the *chaos* mutant of *A. thaliana*, which lacks the cpSRP43 pathway of protein processing leading to a lack of ELIP import and accumulation. These mutants were more susceptible to photoinhibition than wild-type plants, and over-expression of ELIP in the *chaos* background rescued the mutants and afforded greater photoprotection. [@bib34] showed that ELIP1 location and the timing of accumulation correlate with the degree of Photosystem II photodamage, supporting a function in protection and/or the repair process. However, reports of work with ELIP1 and ELIP2 single and double T-DNA knockout *A. thaliana* plants ([@bib16]; [@bib58]) clearly demonstrated that ELIP is not essential for photoprotection, as the mutants were just as capable of responding to high light stress as the wild-type plants. The double mutants did show a slight pigmentation phenotype, with lower levels of chlorophyll and slightly altered xanthophyll ratios. These apparently incongruous sets of results may be interpreted as in agreement if one assumes that the *chaos* mutant is impaired in more than just ELIP processing, thus a lack of ELIP along with other undefined components led to increased susceptibility to photoinhibition that was compensated for by ELIP over-expression. The more-specific ELIP double knockout plants may have experienced compensation by other photoprotective mechanisms that were impaired or overwhelmed in the *chaos* mutant, i.e. over-expression of a photoprotective component may lead to increased photoprotection, but eliminating one photoprotective component may just lead to compensation by other mechanisms. The picture of ELIP function becomes more complicated by the fact that ELIP2 overexpression in wild-type *A. thaliana* leads to a decrease in chlorophyll and photosystem accumulation, and concomitant down-regulation of chlorophyll biosynthesis ([@bib65]). Clearly, further investigation of the exact function of ELIPs is required.

The SPPA mutants in this study did not show the wild-type pattern of ELIP1 degradation after acute high light stress ([@bib4], [@bib5]). When wild-type leaves are returned from HL to LL, ELIP1 abundance drops after 3--5 h recovery time. By contrast, SPPA mutant leaves retain high levels of ELIP1. Note that none of the genotypes had detectable ELIP1 or ELIP2 in pretreatment leaves, thus SPPA mutants are not constitutively expressing ELIP, only retaining it longer than the wild type after a stress event. This suggests a role for ELIP in recovery from HL stress instead of in the process itself, because all three genotypes had comparable amounts of ELIP during the stress period yet had very different early post-stress recovery phenotypes. From this study it cannot be determined if there is a direct protease--substrate interaction between SPPA and ELIP. If SPPA can proteolyse ELIP, it must do so in concert with another protease because, after 24 h of post-HL recovery, ELIP levels are undetectable in mutant as well as wild-type leaves. Lack of SPPA could generate a general stress level that maintains ELIP; for example, preacclimation to moderate stress can increase a plant\'s protection from photoinhibition ([@bib7]; [@bib47]). Further assays are being carried out to address these questions, as well as to examine the phenotypes of intact plants under longer-term acclimation to moderate high light. Interestingly, [@bib31] found the opposite pattern in a mutant deficient in the xanthophyll cycle (*npq1*). It had inhibited *NPQ* and accumulated more anthocyanins than wild-type plants. During long-term acclimation, ELIP was induced, but disappeared in the *npq1*mutant and remained stable in wild-type plants.

In summary, T-DNA insertional mutagenesis of the single-copy *SPPA* gene in *A. thaliana* had no measurable effect on growth and development under stable, optimal conditions. Lack of SPPA did not affect the ability of detached leaves to recover from acute high light plus cold stress, but did cause a delay in the degradation of ELIP relative to wild-type leaves after the stress abated. Loss of SPPA appears to cause an altered balance between two photoprotective mechanisms during high light acclimation: mutant plants maintained a higher level of *NPQ*, while wild-type plants accumulated more anthocyanin. From the data in this study it can be concluded that SPPA has a role in photoacclimation and the exact nature of that role is under investigation.
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[Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/erp051/DC1) are available at *JXB* online.

**[Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/erp051/DC1)**. Primer sequences and PCR conditions for RT-PCR assays.
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